Two new triterpene synthase cDNAs, named as OEW and TRW, were cloned from olive leaves (Olea europaea) and from dandelion roots (Taraxacum officinale), respectively, by the PCR method with primers designed from the conserved sequences found in the known oxidosqualene cyclases. Their ORFs consisted of 2274 bp nucleotides and coded for 758 amino acid long polypeptides. They shared high sequence identity (78%) to each other, while they showed only about 60% identities to the known triterpene synthases LUPI (lupeol synthase clone from Arabidopsis thaliana) and PNY (b-amyrin synthase clone from Panax ginseng) at amino acid level. To determine the enzyme functions of the translates, they were expressed in an ERG7 deficient yeast mutant. Accumulation of lupeol in the cells of yeast transformants proved both of these clones code for lupeol synthase proteins. An EST (expression sequence tag) clone isolated from Medicago truncatula roots as a homologue of cycloartenol synthase gene, exhibits high sequence identity (75±77%) to these two lupeol synthase cDNAs, suggesting it to be another lupeol synthase clone. Comparatively low identity (< 57%) of LUP1 from Arabidopsis thaliana to either one of these clones leaves LUP1 as a distinct clone among lupeol synthases. From these sequence comparisons, now we propose that two branches of lupeol synthase gene have been generated in higher plants during the course of evolution.
In mammals, plants, fungi and yeasts, sterols serve as essential membrane constituents, growth regulating substances and precursors of various hormones [1, 2] . In the plant kingdom, besides sterols, a large number of nonsteroidal triterpene derivatives exist that are recognized as secondary metabolites due to their apparent lack of physiological functions in the producing plants [3] . They are produced species specifically, and thus could be considered as a chemical expression of plant species. It is reasonable to assume the ability of sterol biosynthesis to be inherent to all plants and highly conserved from the progenitors, while the ability to produce characteristic triterpenoids by individual plant species to be acquired in the process of plant evolution.
Biosynthetic pathways leading to sterols and triterpenes are completely identical to each other up to the formation of 2,3-oxidosqualene and branch at its cyclization step [4] . As structural diversity of triterpene is primarily generated at this cyclization step catalyzed by triterpene synthases, it can be said that diversity of these synthases reflects diversity of plant species (Fig. 1) . Up to now, cDNA cloning of four cycloartenol synthases (from Arabidopsis thaliana (CAS1) [5] , Pisum sativum [6] , Panax ginseng [7] and Allium macrostemon [8] ), three triterpene synthases two b-amyrin synthases (PNY and PNY2) from P. ginseng [7, 9] , and a lupeol synthase (LUP1) from A. thaliana [10] and another oxidosqualene cyclase (OSC) of unknown function from P. ginseng (PNZ; the accession number of EMBL, GenBank and DDBJ sequencedata banks; AB009031) have been reported from plant sources. As expected, cycloartenol synthases exhibit notably high homology of about 80% to each other in their amino acid sequences even though they derived from different plant species. On the other hand, two known triterpene synthases, PNY and LUP1, share around 70% identity to each other and show around 60% identity to either one of four cycloartenol synthases. It is clear from the sequence identity that among plant OSCs, triterpene synthases form a distinct gene family from that of cycloartenol synthases. However, the sequence comparison among triterpene synthase clones to draw any indications for their product specificities is rather difficult at present because of the limited number of clones available. It is urgently needed to search for more triterpene synthase clones from various plant sources not only from an evolutional but also from a mechanistic point of view.
Reflecting its generic name, olive leaves (Olea europaea) accumulate a large amount of oleanolic acid [11] , which derives from b-amyrin through three oxidation steps. This high content of oleanolic acid is suggestive of high expression of its biosynthetic genes, and led us to search for b-amyrin synthase cDNA from olive leaves although the actual biosynthetic site of triterpenes in this plant has not been identified. On the other hand, dandelion roots (Taraxacum officinale) contain high amount of triterpenes of four different skeletons, namely lupeol, b-amyrin, a-amyrin and taraxasterol, as free alcohols and their esters [12, 13] . This situation makes dandelion roots very attractive for cDNA cloning and investigation of molecular evolution of triterpene synthases and thus have been chosen in this study.
All the known OSCs have been shown to possess several highly conserved sequences including DCTAE [14] and QW [15] motifs irrespective of the cyclization products. They are at least five to seven amino acids in length and, thus, considered to be applicable for cloning of OSC cDNAs by PCR method. As described in our previous paper [7] , cloning of b-amyrin synthase cDNA from P. ginseng was accomplished by PCRs based on such highly conserved sequences, thus demonstrating the feasibility of this approach for the cloning of other triterpene synthase cDNAs from various plant sources.
In order to obtain further insights in the molecular evolution of triterpene synthases and their catalytic mechanisms, cDNA cloning of triterpene synthases from O. europaea and T. officinale was attempted.
M A T E R I A L S A N D M E T H O D S
PCR and DNA sequencing PCR was carried out with Ex-Taq DNA polymerase (Takara Shuzo) in a final volume of 0.1 mL according to manufacturer's protocol using Robocycler Gradient 40 (Stratagene). The program of temperature control was the same as described [7] .
The nucleotide sequences were determined by DNA Sequencer Model 4000 (Li-Cor) using Thermo Sequenase Cycle Sequencing Kit (Aloka).
Cloning of triterpene synthase genes from O. europaea
Leaves of olive trees cultivated at the Experimental Station for Medicinal Plant Studies of our faculty (Chiba City) were harvested in May 1997, and immediately frozen with liquid nitrogen. RNA was prepared and reverse transcribed with the same method as our previous paper [7] . Following the conditions reported in our previous paper [7] , nested PCR was carried out with the primers, 161S (5 [16] with some minor modifications, and gave the sequence of the full length OEW. In a similar manner, RACE PCRs were carried out with OEX specific primers, however, 5
H RACE PCR was unsuccessful. The partial sequence of OEX was deposited to EMBL, GenBank and DDBJ sequence-data banks.
Cloning of triterpene synthase genes from T. officinale
Dandelion roots (T. officinale) was harvested at the Hongo campus of The University of Tokyo in June, 1997, carefully washed with tap water and immediately frozen with liquid nitrogen. RNA was prepared and reverse transcribed with the same method as reported [7] . The core fragment was obtained by nested PCR with the same primers and PCR condition as described above. After subcloning, seven colonies were picked up and their sequences were determined. Two sets of three were identical to each other (named as TRX and TRW, for their respective full length clones), and the final colony is named as TRV for its full length clone.
Another nested PCR with the primer set [8] ; 161S, 467S (5
H ) and 603A gave 300 bp length core fragment. This fragment was subcloned to the plasmid vector pT7Blue (Novagen), 11 colonies were picked up, and their sequences were determined. Nine of them were identical to TRV, and the other two were identical to TRX.
Following the described procedures [16] , 3 H RACE PCR was carried out with the primer of TRW477S (5 H -TCTGCAATC-CAAGGTTTGACACTC-3 H ), and 5 H RACE PCR was carried 
Expression of OEW, TRW and TRV in ERG7 deficient yeast mutant GIL77
The full length cDNAs of OEW, TRW and TRV were obtained by PCR using N-terminal and C-terminal primers. Appropriate restriction enzyme sites were introduced immediately upstream of ATG codon and downstream of stop codon, respectively. Each of the sequence is as follows: for OEW, Hind-OEW-N (5
H , XbaI site underlined), and for TRV, Xho-TRV-
H , XbaI site underlined). With each set of primers and cDNA pool of O. europaea or T. officinale as template, PCRs were performed with the same condition as our previous paper [7] . The obtained full length cDNA clones, OEW, TRW and TRV, were sequenced in both strands, and their sequences were submitted to EMBL, GenBank and DDBJ sequence-databases.
Each of the 2.3 kb PCR products was digested with appropriate restriction enzyme and ligated into the corresponding sites of pYES2 (Invitrogen) to construct the plasmid pOSCOEW, pOSCTRW and pOSCTRV. The mutant yeast strain GIL77 [7] was transformed with each plasmid by the lithium acetate method [17] . The culture condition of the transformed yeasts, the protocol of induction, preparation of cell extracts and analysis by TLC and HPLC are exactly the same as described in our previous paper [7] . HPLC was carried out using SUPER-ODS column (diameter, 4.6, length, 200 mm) (Tosoh) with 95% CH 3 
Homology scores and phylogenetic tree of triterpene synthases
The accession numbers of the sequences on EMBL, GenBank and DDBJ sequence-data banks used in this analysis are as follows, CAS1 cycloartenol synthase (A. thaliana); U02555, PSX cycloartenol synthase (P. sativum); D89619, PNX cycloartenol synthase (P. ginseng); AB009029, AMX cyto artenol synthase (A. macrostemon; AB025353); LUP1 lupeol synthase (A. thaliana); U49919, MtN18 putative lupeol synthase (M. truncatula); Y15366, PNY b-amyrin synthase (P. ginseng); AB009030, PNY2 b-amyrin synthase (P. ginseng); AB014057, PNZ putative oxidosqualene cyclase (P. ginseng); AB009031. The sequences were aligned, and homology scores were obtained using the program clustal w [18] . The results are listed in Table 1 . The phylogenetic tree was developed with the same program using the neighbor-joining method [19] . 
R E S U L T S A N D D I S C U S S I O N
Cloning of triterpene synthase cDNA from O. europaea
From olive leaves (O. europaea), 450 bp long core fragment was obtained by nested PCR with the primer sets of 161S and 711A, and 463S and 603A, all designed from highly conserved sequences found in the known OSCs. After subcloning, 20 colonies were picked up and their sequences determined. Eighteen of them were identical (corresponding full length cDNA was named as OEX) and showed high sequence identity (89%) to the known cycloartenol synthase (PSX) from P. sativum, suggesting it to be a part of cycloartenol synthase clone. The other two clones were identical to each other (named as OEW) and showed lower identity (56%) to OEX, indicating 
Cloning of triterpene synthase cDNAs from T. officinale
From dandelion roots (T. officinale), three kinds of core fragments were obtained by nested PCR with the same primer sets as described above, and their full length cDNAs were named as TRX, TRW and TRV. As the core sequence of TRX showed 85% identity to the corresponding sequence of PNX, a P. ginseng cycloartenol synthase clone, TRX is highly probable to code for a cycloartenol synthase of T. officinale and was not investigated further. On the other hand, the core sequence of TRW showed 79% identity to OEW and only 55% to TRX, suggesting that TRW might encode any one of triterpene synthases expected in this plant, probably the same triterpene synthase coded by OEW. In contrast to TRX and TRW, the core fragment of TRV showed less than 70% identity to any other known OSC clones. To obtain the full length sequences of TRW and TRV, 3
H and 5 H RACE PCRs were carried out following the same method described above. Full length clones of both TRW and TRV had ORFs of 2274 bp coding for 758 amino acids. TRW showed 78% identity to OEW, while TRV showed only 52 and 53% identities to OEW and to TRW, respectively. The most similar clones to TRV are a putative cycloartenol synthase of olive (OEX, 68%) and an OSC homologue (PNZ, 68%) from P. ginseng of unidentified function.
As mentioned earlier, presence of four different triterpene synthases, namely lupeol, b-amyrin, a-amyrin and taraxasterol synthases, are expected in T. officinale [21] . To obtain some more additional clones, nested PCR with another combination of primers, incorporating 467S and 556A instead of 463S and 711A, was carried out. However, nine clones out of 11 colonies picked up turned out to be TRV, and the other two clones to be TRX. Design of another PCR primers from the different conserved sequences and/or preparation of RNA from the roots at different developmental stages might be needed to obtain additional triterpene synthase clones.
Expression of OEW and TRW in ERG7 deficient yeast mutant GIL77
As all the known cycloartenol synthase clones share more than 80% sequence homology to each other disregarding their plant origins, any new OSC clones exhibiting more than 80% identity to these clones are expected to encode cycloartenol synthase. Dominant clones, OEX and TRX, in the initial PCRs for core fragment amplification, fall in this category. On the other hand, all OEW, TRW and TRV exhibit less than 68% identity to any one of the known cycloartenol synthases, indicating that they might not be cycloartenol synthase but triterpene synthase clones. However, sequence comparison alone is not enough to deduce the enzyme function of clones which show less than 80% homology to cycloartenol synthase clones, because the number of triterpene synthase clones are still limited. To clarify their enzyme functions, full length cDNAs were expressed in ERG7 deficient yeast mutant GIL77 [7] by using expression plasmid pYES2 under the control of GAL1 promoter. This yeast mutant only grows with supplement of ergosterol in the medium and accumulates 2,3-oxidosqualene, the substrate for OSC, and thus expected to yield triterpene products if the synthase gene is expressed. The yeast transformants with OEW, TRW and TRV were cultured separately, induced for protein expression, harvested and cells disrupted by boiling with 20% KOH/50% ethanol. The resulting suspension of disrupted cells was extracted with hexane. The hexane extract was analyzed by TLC and HPLC for detection of products. HPLC profiles clearly demonstrated that both OEW and TRW transformants accumulated lupeol as a sole product (Fig. 2) . Identification of the products as lupeol was accomplished by 1 H-and 13 C-NMR analysis of the isolated crystals (5±7 mg) prepared from large scale cultures (1 L) [22, 23] . These experiments established OEW and TRW as lupeol synthase clones. The result from OEW was rather unexpected as the major triterpene of olive leaves is oleanolic acid having oleanne skeleton of b-amyrin and not lupane skeleton of lupeol. A particular set of primers used in this study might have favored amplification of lupeol synthase clone over other triterpene synthase clones. Another explanation might be the higher expression of lupeol synthase than b-amyrin synthase in the leaves from which RNA was prepared.
It is very interesting to note that both OEW and TRW produced lupeol as a sole product and no trace of other oxidosqualene derived products could be detected at all (Fig. 2) . In contrast, LUP1, a lupeol synthase clone of A. thaliana, is reported to produce not only lupeol but also some triterpene by-products including b-amyrin [10] . Indeed, under the same expression condition as OEW and TRW, LUP1 transformant [10] produced some minor triterpenes as shown in Fig. 2 . Moreover, deprotonation mechanism of LUP1 is clearly different from that of OEW and TRW (OEW and TRW abstract proton specifically from (Z)-methyl of 2,3-oxidosqualene during final deprotonation step, while LUP1 from both methyl groups in equal ratio.) [22] . Although no clear explanation for the mechanism leading to the observed multiproduct formation of LUP1 is available, it should be pointed out here that OEW and TRW are lupeol specific triterpene synthases and are clearly different from LUP1 in their catalytic functions.
Despite our great efforts, the yeast transformant with TRV gave no cyclization product by unknown reason(s) and its function remains to be determined. PNZ of P. ginseng, which was expected to be a dammarenediol synthase clone and whose sequence is relatively close to TRV (68%), also failed to produce any triterpenes in yeast expression system employed in this study (unpublished result). Their protein structures might not fit to the environment of the heterologous expression system. As TRV shows low level of sequence identities to both lupeol and b-amyrin synthase clones, it could be expected to code for either a-amyrin synthase or taraxasterol synthase of T. officinale. For rigorous identification of its enzyme function, application of another heterologous expression system is now being attempted.
Molecular evolution of plant oxidosqualene cyclases
In order to clarify the evolutional relationships among plant OSCs, sequence homologies between all the known plant OSC clones have been calculated (Table 1 ) and a phylogenetic tree constructed (Fig. 3) . Dicotyledonous cycloartenol synthase clones (from A. thaliana, P. sativum, P. ginseng, and O. europaea) showed high identities (79±85%) to each other and slightly lower but still high identities (73±76%) to the clone isolated from monocotyledonous plant, A. macrostemon. These cycloartenol synthase clones form one big cluster in a phylogenetic tree, clearly demonstrating that plants have acquired cycloartenol synthase gene before diverged into individual species during the course of evolution.
The EST (expression sequence tag) clone, MtN18, from Medicago truncatula [24] reported as a homologue of cycloartenol synthase gene, shares considerably high identities to OEW (75%) and to TRW (77%). Its comparatively low identities (61±62%) to b-amyrin synthases from P. ginseng and even lower identities to cycloartenol synthases (57±59%), strongly suggest this EST clone to be another lupeol synthase clone. Expression of this gene during root nodule development in leguminous plants [24] might imply an important role of lupeol or its metabolites in Rhizobium-legume symbiosis.
In contrast to high sequence homology among these lupeol synthase clones, LUP1 from A. thaliana sits far apart from the OEW and TRW group (57% identity), and rather close to b-amyrin synthase clones from P. ginseng (68±70%). As mentioned above, LUP1 is apparently different from the lupeol synthase group of OEW and TRW in its catalytic property. These findings suggest that two branches of lupeol synthase genes have been generated during the course of higher plant evolution. Or it might be possible to argue that there are thousands of erratic lupeol synthase genes like LUP1, not being linked in any way with evolution but genetic noise. The branch of OEW and TRW group could be considered to represent authentic lupeol synthase clones with wide distribution in the plant kingdom, while LUP1 to be at a transition state between lupeol synthase and other unknown triterpene synthases.
Successful clonings of both cycloartenol and triterpene synthase cDNAs from A. thaliana [5, 10] as well as from P. ginseng [7] clearly demonstrated that these two enzymes are distinct proteins even in one plant species. However, it is still obscure whether triterpene synthases of different product specificities are distinct proteins or they are generated post translationally from one gene product. To clarify structural relationship among triterpene synthases in one plant species, cloning of product specific triterpene synthase cDNAs (lupeol, b-amyrin, a-amyrin and taraxasterol synthases) were attempted from T. officinale. Unfortunately, however, only two clones, TRW and TRV, have been obtained and one showed no enzyme activity in yeast expression system used in this study. In view of the diversity of natural triterpene skeletons, whether there exist corresponding number of product specific triterpene synthase clones in plants still remains as an important issue to be answered. Even though TRW has been vigorously proven to produce lupeol in the transformed yeast, it might alter its specificity to produce other triterpenes but lupeol depending upon different physiological conditions in the intact plant, possibly by post translational modifications or by simple conformational changes. The latter possibility has been discussed by Goad [25] , as in vitro activities of all the known OSCs are very susceptible to the change of pH, detergents and electrolyte concentrations [26] . To resolve this interesting issue, cDNA cloning of triterpene synthases of different product specificities is now in progress from triterpene rich plants including T. officinale.
The successful cloning of new lupeol synthase cDNAs (OEW and TRW) has provided a glimpse of the molecular evolution of triterpene synthases and its whole aspects would be disclosed in not a distant future by cloning of some more members of triterpene synthases from various plant sources. 
A C K N O W L E D G E M E N T S

